Recent evidence from isotope studies supports the view that catalysis by trimethylamine dehydrogenase (TMADH) proceeds from a Michaelis complex involving trimethylamine base and not, as thought previously, trimethylammonium cation. In native TMADH reduction of the flavin by substrate (perdeuterated trimethylamine) is influenced by two ionizations in the Michaelis complex with pK a values of 6.5 and 8.4; maximal activity is realized in the alkaline region. The latter ionization has been attributed to residue His-172 and, more recently, the former to the ionization of substrate itself. In the Michaelis complex, the ionization of substrate (pK a ϳ 6.5 for perdeuterated substrate) is perturbed by ϳ؊3.3 to ؊3.6 pH units compared with that of free trimethylamine (pK a ‫؍‬ 9.8) and free perdeuterated trimethylamine (pK a ‫؍‬ 10.1), respectively, thus stabilizing trimethylamine base by ϳ2 kJ mol
. We show, by targeted mutagenesis and stoppedflow studies that this reduction of the pK a is a consequence of electronic interaction with residues Tyr-60 and His-172, thus these two residues are key for optimizing catalysis in the physiological pH range. We also show that residue Tyr-174, the remaining ionizable group in the active site that we have not targeted previously by mutagenesis, is not implicated in the pH dependence of flavin reduction. Formation of a Michaelis complex with trimethylamine base is consistent with a mechanism of amine oxidation that we advanced in our previous computational and kinetic studies which involves nucleophilic attack by the substrate nitrogen atom on the electrophilic C4a atom of the flavin isoalloxazine ring. Stabilization of trimethylamine base in the Michaelis complex over that in free solution is key to optimizing catalysis at physiological pH in TMADH, and may be of general importance in the mechanism of other amine dehydrogenases that require the unprotonated form of the substrate for catalysis.
The oxidation of amines is widespread in biology and a number of enzymes have evolved to catalyze these reactions. The oxidoreductases responsible for these reactions can be grouped broadly into the flavoprotein and quinoprotein families. The mechanism of amine oxidation catalyzed by the quinoprotein amine oxidases is understood reasonably well and occurs through the formation of enzyme-substrate covalent adducts with topaquinone or tryptophan tryptophylquinone redox centers (1, 2) . In some cases C-H bond cleavage by these enzymes has been shown to involve quantum tunneling mechanisms for transfer of the H nucleus to a base in the enzyme active site (3) (4) (5) . By contrast, the mechanism of amine oxidation by flavoproteins is understood less well. Although H-transfer has been shown to occur by vibrationally assisted tunneling in two flavoprotein amine dehydrogenases (6, 7) , the chemical mechanism of oxidation remains to be established. The cleavage of the reactive C-H bond in amine substrates by flavoproteins has been reviewed (8, 9) and discussed in terms of (i) a proton abstraction mechanism involving an active site base to generate a carbanion species (originally proposed for trimethylamine dehydrogenase (TMADH) 1 (10)), (ii) an aminium radical cation mechanism, originally proposed for monoamine oxidase (11) , (iii) a mechanism involving H-atom abstraction by an active site radical species (12) , and (iv) a mechanism involving nucleophilic attack by the substrate nitrogen on the flavin C4a atom, followed by proton abstraction by an active site base (13) . In a modification of the latter mechanism Edmondson and colleagues (14) have suggested that the flavin N-5 atom in monoamine oxidase A acts as a base during substrate C-H bond cleavage. A similar mechanism was also proposed for oxidation of substrates by D-amino acid oxidase (15) .
We have in recent years investigated the mechanism of C-H bond cleavage catalyzed by the complex iron-sulfur flavoprotein TMADH (EC 1.5.99.7), whose structure is known at high resolution (16, 17) . TMADH catalyzes the oxidative demethylation of trimethylamine, forming dimethylamine and formaldehyde (18) ,
Oxidation of substrate involves the transfer of reducing equivalents to a 6-S-cysteinyl FMN in the enzyme active site and is accompanied by a large primary kinetic isotope effect in native (19) and mutant forms of the enzyme (7). Following bond cleavage, electrons are transferred subsequently from the dihydroflavin in two single electron transfer events to electron transferring flavoprotein, via the 4Fe-4S center of TMADH (20 -25) . The reductive half-reaction of TMADH is resolved into three kinetic phases (8): a fast phase representing two-electron reduction of the flavin, an intermediate phase that reports on intramolecular electron transfer from dihydroflavin to the 4Fe-4S center to generate flavin semiquinone and reduced iron-sulfur center, and a slow phase that involves formation of a spin-interacting state of the enzyme and product release (8, 20 -22) . Flavin reduction in native TMADH is fast, prohibiting detailed studies of flavin reduction at elevated temperatures (8) , although the use of perdeuterated trimethylamine has opened up detailed stopped-flow studies of native enzyme (19) . In mutant studies we have been unable to identify a critical active site base, thus disfavoring a base abstraction/carbaniontype mechanism (19, 26) . It was thought previously that trimethylammonium cation was the reactive species, and this was used to argue against mechanisms requiring trimethylamine base (or more explicitly a substrate nitrogen lone pair) in the ES complex. In studies with perdeuterated trimethylamine, however, we demonstrated recently that this is not the case. We proposed a mechanism ( Fig. 1 ) for substrate oxidation that is consistent with kinetic (7) and computational (17) studies (involving nucleophilic attack by the substrate nitrogen atom on the electrophilic C4a atom of the flavin isoalloxazine ring), and the mechanism of amine oxidation proposed for monoamine oxidase on the basis of structure-activity relationships (14) . Herein, we have extended our studies by performing a detailed kinetic characterization of mutant TMADH enzymes altered in the region of the substrate-binding site. We show that interaction of substrate with TMADH perturbs substantially the substrate pK a from 9.81 (free trimethylamine) to ϳ6.5 (in the native ES complex). The electronic environment of the substrate in the ES complex is therefore key to stabilizing trimethylamine base at physiological pH values, thus facilitating catalysis. Our results may have general implications for the enzyme-catalyzed oxidation of amine substrates.
EXPERIMENTAL PROCEDURES
Trimethyl-d 9 -amine HCl (99.7% D; chemical purity Ͼ99% determined by high performance liquid chromatography, NMR, and gas chromatography) was from CK Gas Products Ltd. All chemicals were of analytical grade where possible. The Y174F, Y60F, and Y60F/H172Q mutant TMADH enzymes were isolated using the QuikChange mutagenesis protocol (Stratagene) and the following oligonucleotides (and their complementary sequences): 5Ј-GGCTTTAAACACTGAATTCTGC-TCCATTAACCC-3Ј (Y60F), 5Ј-GTGCGCACTCTTTCTTGCCGCTGCA-ATT-3Ј (Y174F). Plasmid pSV2tmdveg (27) was used as template for isolation of mutant Y174F and Y60F; plasmid pSV2tmdveg[H172Q] was used for isolation of the Y60F/H172Q mutant TMADH (19) . All mutant genes were completely sequenced to ensure that spurious changes had not arisen during the mutagenesis reaction. The expression and purification of the mutant TMADH enzymes was as described for other recombinant forms of TMADH (27) .
Stopped-flow studies of flavin reduction in TMADH were performed using an Applied Photophysics SX.18MV stopped-flow spectrophotometer as described elsewhere (8, 19, 26) . Data were collected at 443 nm (flavin reduction) and were analyzed using nonlinear least squares regression analysis on an Acorn RISC PC using Spectrakinetics software (Applied Photophysics). Experiments were performed by mixing TMADH contained in buffer of the desired pH, with an equal volume of substrate contained in the same buffer at the desired concentration. The concentration of substrate was always at least 10-fold greater than that of TMADH, thereby ensuring pseudo-first order reaction conditions. Absorption changes at 443 nm were analyzed as monophasic processes, consistent with previous studies with TMADH (8) . For each substrate concentration, at least five replica measurements were collected and averaged. The error for individual rates measured by fitting to a single transient was less than 0.5% in all cases, and the error for the rate fitted to averaged transients was Ͻ0.4%. Substrate-reduced TMADH is quite stable to reoxidation by molecular oxygen (half-life about 50 min (28)), negating the need to use anaerobic conditions in the kinetic experiments.
Reaction scheme modeling for the reduction of TMADH by trimethylamine has been described in detail elsewhere (8) . Reduction of the 6-Scysteinyl FMN of TMADH involves the reversible formation of a Michaelis complex followed by the C-H bond cleavage/flavin reduction step,
The observed rate constant for flavin reduction, k obs , is dependent on substrate concentration as described by the general hyperbolic expression (Equation 3) (29),
where K is a constant and equal to (k 2 ϩ k 3 )/k 1 . As discussed elsewhere (8) , in reactions of TMADH with trimethylamine the reaction is modeled such that k 2 Ͼ Ͼ k 3 , and K thus approximates to the enzymesubstrate dissociation constant, K d . Enzyme and substrate were equilibrated for 10 min in the stopped-flow apparatus at the appropriate temperature prior to mixing and the acquisition of stopped-flow data. The optimal time for equilibration was determined empirically. Temperature control was achieved using a thermostatic circulating water bath and the temperature was monitored directly in the stopped-flow apparatus using a semiconductor sensor (model LM35CZ, National Semiconductor).
Studies of the pH dependence of flavin reduction were conducted at 5°C. Buffers used were: 100 mM potassium phosphate (pH range 6.0 to 7.5), 100 mM sodium pyrophosphate (pH range 8.0 to 8.5), 100 mM sodium (37)).
FIG. 1.
Proposed mechanism for the oxidation of trimethylamine by TMADH. The mechanism is analogous to that proposed recently for monoamine oxidase A (14), and is consistent with mutagenesis/kinetic (7, 19, 26) , computational (17) and inhibitor (17, 35 ) studies of flavin reduction in TMADH, although unequivocal evidence is lacking.
borate buffer (pH range 9.0 to 10.0), and 100 mM glycine/NaCl, pH 10.5 and 11.0. Previous studies have established that increased ionic strength on addition of substrate (trimethylammonium chloride) over the range employed in these studies does not affect the rate of flavin reduction (19) . pH profiles for the kinetic parameters k 3 and k 3 /K were constructed and the data fitted to the appropriate equations describing single or double ionizations as described previously (7, 8, 19, 26) .
RESULTS AND DISCUSSION
Ionizable Residues in the Active Site of TMADH-We have in previous work targeted a number of ionizable residues in the active site of TMADH to assess their role in the mechanism of flavin reduction/substrate C-H bond cleavage, and to identify the residues contributing to kinetically influential ionizations observed in the native enzyme (8, 19, 26) (Fig. 2) . Plots of k 3 versus pH for enzyme with perdeuterated trimethylamine indicate the presence of two kinetically influential ionizations (Fig. 3B) in the ES complex with macroscopic pK a values 6.5 Ϯ 0.2 and 8.4 Ϯ 0.1 (19) . Reactions performed with protiated trimethylamine are fast (Ͼ1000 s Ϫ1 ) in the high pH regime making analysis difficult with this substrate. The relatively large isotope effect for flavin reduction observed with perdeuterated substrate enables the pH dependence of the native enzyme to be investigated from pH 6 to 11. The upper ionization of 8.4 Ϯ 0.1 has been assigned to residue His-172, since this ionization is lost in a H172Q mutant TMADH (19) and is perturbed in the Y169F mutant TMADH (the phenolic hydroxyl group of Tyr-169 forms a hydrogen-bond with the imidazole side chain of His-172 in native TMADH (Fig. 2) (26) ). The lower pK a value was recently attributed to the ionization of trimethylammonium cation to form free trimethylamine base ((CH 3 ) 3 NH ϩ 3 (CH 3 ) 3 N) (7). This assignment was made following the observation that the pK a value is elevated by ϳ0.5 pH units when perdeuterated trimethylamine is used as substrate. This was rationalized on the basis of force constant effects for the C-H versus C-D bond. The shorter C-D bond results in a larger charge density, and thus is electron supplying (i.e. stabilizing the N-H bond) relative to C-H; also the perdeuterated substrate has a greater reduced mass for the (CD 3 ) 3 N-H stretching vibration, and therefore lies lower in the asymmetric potential energy well. Thus, the (CH 3 ) 3 N-H bond dissociates more readily than the (CD 3 ) 3 N-H bond, accounting for the elevated macroscopic pK a value seen with perdeuterated substrate in our kinetic studies. Plots of k 3 /K d versus pH report on kinetically influential ionizations in the free enzyme and/or free substrate (Fig. 3) . A bell-shaped dependence is seen for native TMADH (Fig. 3B,  inset) , which is retained in all the active site mutants we have studied to date. The acid side of the bell is perturbed (ϳϩ0.4 pH units) to higher pH with perdeuterated trimethylamine, consistent with it representing the ionization of free substrate (pK a 9.8 and 10.1 for trimethylamine and perdeuterated trimethylamine, respectively (7)). The ionization represented by the alkaline limb has not yet been assigned, but it may represent the flavin N-3 atom (7), or indeed Tyr-174 whose phenolic side chain interacts closely with substrate in the ES complex (Fig. 2) . The macroscopic pK a values derived from curve-fitting are probably a poor reflection of the true pK a values owing to (i) the narrowness of the bell in the plot (30) and (ii) the relatively low number of points defining the bell. For this reason the plot is of qualitative value in indicating the presence of kinetically influential ionizations, but we do not place too much promi- (Fig. 3A) were constructed from the data shown in Table I and are very similar to those constructed for native TMADH, indicating that the side chain of Tyr-174 does not contribute to the pH-dependent kinetic behavior of TMADH. The lack of additional ionizable side chains in the active site of TMADH, that could lead to the pH-dependent effects observed in the reductive half-reaction, leads us to the conclusion that the alkaline limb of the k 3 /K d versus pH plot may be attributed to the ionization of a group on the 6-S-cysteinyl FMN. The obvious candidate is the N 3 -H group of the flavin isoalloxazine ring, since the pK a of this group is expected to be ϳ10 (31) .
Properties of the Y60F Mutant TMADH-Residue Tyr-60 is one of three aromatic residues (Trp-355, Trp-264 and Tyr-60) that comprise an "aromatic bowl" in the active site of TMADH. A crystallographic study with the inhibitor and substrate analogue tetramethylammonium chloride suggests that these three residues form the substrate-binding site (32) , which is consistent with the results of mutagenesis and kinetic studies (33, 34) . Given the close proximity of residue Tyr-60 to substrate (it forms an amino-aromatic interaction with trimethylamine) and the 6-S-cysteinyl FMN, it was conjectured that the side chain of Tyr-60 might contribute to the pH-dependent behavior of the reductive half-reaction. Plots of k 3 versus pH (from the data shown in Table II ) for the Y60F mutant TMADH indicate some key differences compared with comparable plots generated for native enzyme (Fig. 4A) . The most striking difference is that the k 3 versus pH curve for the Y60F TMADH is displaced significantly toward the alkaline region. The pH-dependent data are complicated by the presence of two ionizations in the k 3 versus pH plot for native TMADH. In the Y60F TMADH one expects to see the ionization attributed to His-172 (although it may be perturbed) and also the substrate ((CH 3 ) 3 NH ϩ 3 (CH 3 ) 3 N) ionization. Curve-fitting to an equation describing a double ionization satisfies the data better than a single ionization; the latter deviates from the data points in the more acidic region. The fit to an equation describing a double ionization is shown in Fig. 4A and yields pK a values of 7.7 Ϯ 0.7 and 10.0 Ϯ 0.1. Clearly, a more precise determination of the more acidic pK a value is difficult given the small elevation in k 3 in this region of the plot. Comparable analyses were performed using perdeuterated trimethylamine (Fig. 4B) . In this case the k 3 versus pH plot has a more defined shoulder on the main transition and fitting to an equation describing a double ionization yielded pK a values of 8.8 Ϯ 0.2 and 10.2 Ϯ 0.1. As discussed in our previous work (7) the effect of perdeuteration is to displace the pK a value for the ionization of substrate to higher pH owing to force constant effects on the C-D bonds of the methyl groups. We argue, therefore, that the lower ionization seen in the k 3 versus pH plots for Y60F TMADH is attributable to the ionization of substrate bound in the ES complex, and the upper ionization (which is not affected by perdeuteration of substrate) is attributable to His-172 (again in the ES complex). The latter value is elevated by ϳ1.6 pH units compared with the pK a value (8.4 Ϯ 0.1) (19) attributed to His-172 in the native ES complex. The data shown in Fig. 4B suggest that maximal catalytic activity is achieved following deprotonation of His-172. With protiated substrate, the first phase in the Y60F TMADH titration is smaller than that seen with perdeuterated substrate (Fig. 4B) , which is a result of the larger separation in the pK a values of His-172 and protiated substrate than the separation seen with perdeuterated substrate. As the pK a values approach each other it is expected that the size of the shoulder attributable to the ionization of substrate will become larger. The inset to Fig. 4B indicates the bell-shaped k 3 /K d versus pH curve observed for native TMADH is retained with the Y60F TMADH. We conclude, therefore, that the unidentified ionization in TMADH found on the alkaline side of the bell (Fig. 4B, inset) does not correspond to Tyr-60; in this regard it is noteworthy that the hydroxyl group of Tyr-60 is hydrogen-bonded to the indole side chain of Trp-355 in the crystallographic structure of unliganded TMADH ( Fig. 2 substrate-binding "aromatic bowl" (32) ).
Elimination of the His-172 Ionization in the Y60F/H172Q Mutant TMADH-To simplify analysis of the k 3 versus pH plot for TMADH containing the Y60F mutation, the H172Q mutation was also included to generate the double mutant Y60F/ H172Q. A k 3 versus pH plot for the Y60F/H172Q mutant constructed from the data shown in Table III is illustrated (Fig.  5A ). Fitting the data to an expression describing a single ionization yielded a pK a value of 8.5 Ϯ 0.1, which we attribute to the ionization of substrate in the ES complex. Confirmation that this ionization represents substrate was obtained by performing reactions with perdeuterated trimethylamine; in this case the pK a value is perturbed by ϳϩ0.8 pH units (pK a 9.3 Ϯ 0.1; Fig. 5A ), consistent with force constant effects on the ionization of substrate which have been discussed previously in the context of the H172Q mutant TMADH (7). The effect of removing His-172 in the Y60F/H172Q double mutant is to displace (to the more alkaline region) the pK a for ionization of bound substrate by about 0.5 pH units compared with the value seen in the Y60F TMADH single mutant (Fig. 5B) . This is clearly a result of the altered environment around the substrate-binding site as a result of replacing His-172 with Gln-172. This observation is also consistent with a similar pK a shift (ϳϩ0.9 pH units) seen for the ionization of enzyme-bound substrate in comparable studies performed with native TMADH and the H172Q mutant enzyme using perdeuterated substrate (Table IV) (7) . As expected, the bell-shaped dependence in the k 3 /K d versus pH plot for Y60F/H172Q TMADH was retained with both substrates (plots not shown).
Implications for the Reductive Half-reaction of TMADHOur data (summarized in Table IV) for the Y60F and Y60F/ H172Q mutant TMADH enzymes clearly indicate that residues Tyr-60 and His-172 play a major role in stabilizing trimethylamine base in the ES complex. This stabilization of over 3 pH units (equivalent to ϳ2 kJ mol Ϫ1 ; pK a of free trimethylamine is 9.8) is a direct result of the different electronic environment of the substrate in the ES complex consequent on the formation of an amino-aromatic interaction between substrate, the phenolic side chain of Tyr-60, and the imidazolium side chain of His-172. Removal of the hydroxyl group of Tyr-60 (mutant Y60F) destabilizes significantly (by ϳ1.3 kJ mol Ϫ1 ) the basic form of the ES complex (pK a for the [(CH 3 ) 3 NH ϩ 3 (CH 3 ) 3 N] ionization in the complex is shifted to 8.8). The stability of trimethylamine base is further reduced (by an additional ϳ0.3 kJ mol Ϫ1 ) in a double mutant TMADH, in which both Tyr-60 and His-172 side chains have been exchanged for nonionizing counterparts; the pK a value for substrate ionization in the ES complex of this mutant enzyme is only 0.5 pH units more acidic than that of free trimethylamine (Table IV) .
Our work also indicates that the ionization state of His-172 is important in controlling the rate of flavin reduction. The ionization states in native and H172Q TMADH are shown in Fig. 6 . For native TMADH (Fig. 6 , Scheme A) the major catalytic species is the one in which the imidazolium side chain of His-172 and substrate are deprotonated. The need to deprotonate His-172 is especially apparent in our data for Y60F TMADH where the two pK a values for substrate and His-172 are widely separated (Fig. 4A) . In this case it is clear that deprotonation of substrate (pK a 7.7 Ϯ 0.7) alone is insufficient to achieve the maximum rate of flavin reduction, this being realized only following deprotonation of His-172 (pK a 10.0 Ϯ 0.1). Mutagenesis of His-172 removes this additional complexity in the reductive half-reaction of TMADH (Fig. 6, Scheme B) and flavin reduction proceeds following substrate ionization.
Concluding Remarks-Our analyses of the reductive halfreaction of mutant forms of TMADH indicate that the trimethylamine base (and not, as previously thought (8) , the protonated cation) is the catalytically relevant form of the substrate in the ES complex. Our mutagenesis studies have identified Tyr-60 and His-172 as being the main residues responsible for stabilizing trimethylamine base in the ES complex. We have also ruled out a role for residue Tyr-174 in the pH-dependent behavior of TMADH. Our work demonstrates that TMADH is poised to initiate flavin reduction by nucleophilic addition of the substrate lone pair at the flavin C4a atom by perturbing the substrate ionization by over 3 pH units (equivalent to ϳ2 kJ mol Ϫ1 ) on forming the ES complex. Our studies are consistent with a mechanism of flavin reduction proposed in our previous work (7) (Fig. 1) , and may have general implications for the mechanism of amine oxidation by flavoproteins.
